Protein interactions are a central mechanism for the generation of biological regulatory specificity. Complexes formed by different combinations of proteins can perform a much larger number of biological functions than would be possible if each protein were to act independently. By interacting with different partners in different cell types and in response to different extracellular stimuli, a single protein can contribute to various cellular responses.
Many methods for the investigation of protein interactions have been developed. Methods that allow direct detection of interactions (that is, coprecipitation) generally require removal of the proteins from their normal cellular environment. Conversely, methods that allow interactions to be studied with minimal perturbation of their environment (that is, genetic suppressor analysis) generally rely on indirect detection of the consequences of an interaction. This tradeoff is not absolute; protein fragment complementation methods based on the fusion of complementary fragments of a reporter protein ( Fig. 1) to two putative interacting proteins combine nearly direct detection of protein interactions with limited cellular perturbation. Functional complementation between the reporter protein fragments, mediated by the interaction of the two fusion proteins, results in a quantifiable signal ( Table 1 ) that can be used to investigate the localization and regulation of protein interactions in their normal environment.
Protein fragment complementation methods share several characteristics that set them apart from other methods for the detection of protein interactions in cells. Among the latter, fluorescence resonance energy transfer (FRET) analysis is overwhelmingly the most widely used. The principal trade-off between these methods is one of sensitivity versus dynamics. Protein fragment complementation can, in principle, be more sensitive because complementation produces new functions, whereas FRET produces changes in an existing fluorescence signal. Conversely, detection of protein fragment association can involve a considerable time lag, and the association between the fragments can stabilize the complex, whereas FRET ideally reflects the real-time dynamics of complex formation and dissociation. The relative significance of sensitivity versus dynamics depends on the specific application, which should guide the choice of method.
Although the choice between alternative methods is ideally based on the performance of each assay, often the issue is decided by available instrumentation and technical expertise. Complementation methods are generally technically straightforward, require only common equipment and require little data processing for interpretation. All methods for the detection of protein interactions in cells, however, require numerous controls to determine whether a signal results from a specific interaction.
Fragments of many proteins have been identified that can associate with each other to form a functional complex when they are brought together by an interaction between proteins fused to the fragments ( Fig. 1 Figure 1 | Examples of protein fragments that support complementation are shown in red and blue using models based on the X-ray crystal structures of the intact proteins. In β-galactosidase, the overlap between the fragments is shown in magenta. The discontinuity in the polypeptide backbone is shown in translucent gray. The images were generated using jmol.
fragments that support complementation, in each of these cases the complementary fragments were identified by screening for positions that tolerate a discontinuity in the protein backbone. G. princeps luciferase complementation makes use of smaller protein fragments than the previously described firefly and Renilla sp. luciferase complementation methods 3, 4 . The rapid association and moderately fast dissociation of the fragments in conjunction with the high sensitivity of the luciferase assay make it possible to detect reversible associations between model proteins within minutes in a cell population 1 , but require an exogenous substrate and have limited spatial resolution.
TEV protease complementation, in contrast, provides flexibility in detection because it can be coupled to several different reporter systems that use either fluorescent proteins or luciferase to detect protease activity 2 . The multiple reporter systems allow selection of different reporters for different purposes (that is, fluorescent proteins for single cells and luciferase for a cell population), but introduce an additional step between the interaction and the measurement.
Complementation methods based on fragments of different proteins have distinct advantages and disadvantages ( Table 1 ). An ideal method would provide maximal spatial and temporal resolution as well as maximal sensitivity and specificity for the detection of all protein interactions in every cell type and organism with minimal perturbation. At present, the highest spatial resolution can be obtained by bimolecular fluorescence complementation (BiFC) between fragments of fluorescent proteins 5 . The fastest response times in living cells have been reported for β-lactamase and G. princeps luciferase fragment complementation 1, 6 . Conversely, in many cases, the BiFC approach does not reflect the real-time dynamics of complex formation or dissociation. For most complementation methods, the effects of fragment association on the dynamics of complex formation and dissociation have been examined for a single interaction, which may not be representative of the majority of interactions. Ubiquitin and dihydrofolate reductase (DHFR) complementation require, respectively, the presence or absence of endogenous activities. Many complementation methods (β-galactosidase, DHFR, β-lactamase, luciferases) require the use of exogenous substrates or ligands for detection of complementation.
The sensitivities of the different methods have not been directly compared. It is likely that they depend on the identities of the interaction partners. The specificities of complementation methods must be tested by examining the effects of mutations that eliminate the interaction but do not alter other properties of the proteins. Different complementation methods are likely to be optimal for detection of interactions between different proteins and for studies of different aspects of the interaction.
Finally, all complementation methods and most other approaches for the study of protein interactions inside living cells require the use of fusion proteins. Thus, these methods cannot be used to study interactions between endogenous proteins, and it is critical to compare the fusions with the corresponding endogenous proteins under the conditions used to study the interactions. In this issue of Nature Methods, a proximity ligation in situ assay (P-LISA) is described that permits determination of the locations of endogenous protein complexes in fixed samples 7 . Clearly, a combination of experimental approaches, including analysis of both fusion proteins in living cells and endogenous proteins in fixed or lysed samples provides the most comprehensive understanding of a protein interaction.
The ultimate impact of complementation methods on the study of protein interactions depends on their general applicability. BiFC has been used to visualize more than two hundred protein interactions 8 (see http:// sitemaker.umich.edu/kerppola.bifc for an updated list), and the number of interactions examined using other complementation methods is steadily increasing. Most of the complementation methods have been used in intact multicellular organisms and in cells from a variety of species. BiFC has been used to screen for interaction partners and for semi-high-throughput analysis of smallmolecule modulators of protein complexes. Given the widespread use of luciferase assays in high-throughput screens, the development of complementation methods that either directly or indirectly produce a luciferase reporter should expand the opportunities for high-throughput analysis of protein interactions in living cells. The many complementation methods that have been developed expand the applicability of this class of methods to a larger range of problems than can be investigated using any single approach.
Most complementation methods are based on naturally occurring protein sequences. It is likely that the characteristics of these assays could be improved by searching for fragments with favorable characteristics. Spectral variants of fluorescent proteins inspired multicolor BiFC analysis, and allow simultaneous visualization of multiple protein complexes 9 . Likewise, complementation by luciferases, proteases or other enzymes with different substrate specificities could be used for multiplex analysis. Such multiplex analysis is especially valuable for the incorporation of same-cell controls into the experiments. Future studies of protein interactions in living cells are likely to involve an expanding array The spatial and temporal resolution as well as the experimental systems listed are those reported in publications using these complementation methods and are not intended to represent the limits of these approaches.
of complementation methods that will allow interrogation of detailed molecular mechanisms in the normal cellular environment.
Single protein complex visualization: Seeing is believing

Sam Lievens & Jan Tavernier
Protein-protein interactions are at the heart of the cellular machinery. Direct in-cell visualization of single, endogenous protein interaction pairs now becomes possible.
The functional annotation of proteins by studying their interaction pattern with other proteins is a well-established concept. A given protein is likely to be involved in the same cellular process as the proteins it interacts with, as is amply demonstrated by ongoing large-scale interactome mapping projects. To analyze and understand the vast number of protein-protein interactions that occur in a mammalian cell, these extensive mapping strategies typically use fast and highly efficient genetic yeast two-hybrid or biochemical tag-based purification procedures. Detailed functional information, however⎯including the role of protein modifications or the subcellular localization of the protein interaction pair⎯is basically lost in such bulk procedures. Therefore, more refined methods are being developed to monitor interactions in intact mammalian cells, such as fluorescence resonance energy transfer (FRET) 1 , bimolecular fluorescence complementation (BiFC) 2 and the mammalian protein-protein interaction trap (MAPPIT) 3 . In this issue, Landegren and colleagues 4 introduce a method that permits visualization of the interaction between endogenous proteins at single-molecule resolution.
Established methods for the in-cell visualization of protein complexes include FRET and BiFC. Both require the expression of proteins genetically fused with fluorescent proteins or fragments thereof. In FRET, protein interaction brings together the two fluorophores, and upon excitation of the donor fluorophore, its energy is transferred to the acceptor fluorophore (Fig. 1) . Emission of the acceptor fluorophore can be monitored through fluorescence microscopy. In the case of BiFC the target proteins are fused to fragments of a single fluorescent protein, which results in functional complementation upon protein interaction (Fig. 1) . Although these methods are widely used and have proven to be very powerful, a major drawback⎯which is shared with most other genetic techniques for the analysis of protein-protein interactions⎯is that they depend on overexpression of the target fusion proteins. This introduces the risk of producing artifactual protein complexes. Furthermore, fusion proteins do not necessarily (inter)act the same way as their native counterparts.
The proximity-ligation in situ assay (P-LISA) described by Söderberg et al. 4 avoids overexpression and fusion proteins to analyze the interaction of endogenous proteins. Their approach is an elegant combination of proximity-ligation⎯a versatile detection method they previously applied to quantify zeptomole amounts of proteins 5 ⎯and localized rolling-circle amplification (RCA). Antibodies against the protein pair under study are linked to oligonucleotides that, when brought into proximity upon interaction with their target protein, facilitate the hybridization of connector oligonucleotides. Enzymatic ligation of the connector oligonucleotides creates a circularized DNA strand that serves as a template for RCA. The RCA reaction product is a single-stranded DNA molecule that remains attached to the antibody-protein complex, and it is visualized through the hybridization of a fluorescently labeled oligonucleotide (Fig. 1) . The incorporation of RCA instead of PCR amplification used in the original proximity-ligation protocol accounts for the remarkably high spatial resolution of the signals that are obtained, both in cultured cells and in tissue sections. Using different connector oligonucleotides and corresponding fluorescent probes, the authors showed that each detectable spot corresponded to a single pair of interacting proteins.
Unlike FRET and BiFC, however, the P-LISA technique must be performed with fixed cells and tissues. It does not allow the real-time tracking of protein complexes in live cells; instead, snapshots consisting of fixed samples are taken at various stages of a cellular process and are stored for analysis. Because the technology depends on the selection of specific antibodies for each pair of interacting proteins, it is also limited to analytical applications and cannot be scaled up for screening complex prey libraries, as is the case for BiFC, for example.
It is also unclear whether the choice of antibodies and the design of oligonucleotides is governed by strict topological or sterical constraints that could limit the general use of the method, but the potential of P-LISA is exemplified by the identification of two different interaction pairs, between the nuclear cMyc and Max proteins, and between the membrane-linked epidermal growth factor receptor and Her-2 proteins. The method can be extended for the detection of multiprotein complexes by including additional connector oligonucleotides. In their study, the authors were able to localize the three-protein
